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Heterotrimeric G Protein Signaling: Review
Roles in Immune Function
and Fine-Tuning by RGS Proteins
of a heterotrimeric G protein to release guanosine di-
phosphate (GDP) and to bind guanosine triphosphate
(GTP) in its place (Figure 1). In the GTP-bound form, Ga
dissociates from Gbg, each of which independently binds
and activates downstream effectors. Signaling is termi-
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National Institutes of Health nated when Ga subunits hydrolyze GTP, returning to the
GDP-bound state, which results in reassembly with GbgBethesda, Maryland 20892
to form the inactive heterotrimers. Besides their intrinsic
GTPase activity, several mechanisms suppress down-Immunologists hope to understand how extracellular
stream signaling by Ga. Since Gbg inhibits guanine nucle-signals modulate and regulate the function of cells that
otide dissociation, assembly of the heterotrimer inhibitsparticipate in immune responses. Not surprisingly, most
Ga nucleotide exchange. In addition, RGS proteins ac-recent signal transduction studies examining immune
celerate the slow intrinsic rate of theGa GTPase reactioncells have focused on Fc, antigen, and cytokine receptor
(see below). RGS proteins represent a new class ofsignaling (reviewed by Daeron, 1997; Qian and Weiss,
GTPase activators (GAPs) that function in vivo to modu-1997; O'Shea, 1997, respectively). In these pathways,
late signal transduction through GPCRs.tyrosine kinases and phosphatases play dominant roles
as signal transducers. The discovery of the Jak/STAT
(Janus kinase/signal transducer and activator of T cells) Heterotrimic G Proteins: Activators
pathway as a major mediator of cytokine receptorsignal- of Signaling Pathways
ing is an excellent example of their importance. G proteins have been shown to interact directly with
However, the recognition of the critical importance only a few effectors: namely, retinal cyclic guanosine
of chemokine receptor signaling (reviewed by Murphy, monophosphate phosphodiesterase, several isoforms
1996) is leading to a resurgence of interest in heterotrim- of adenylyl cyclase, phospholipase C (PLC) b, and an
eric guanine nucleotide±binding proteins (G proteins) as inward rectifying potassium channel. However, a variety
signal transducers in immunocompetent cells. Also, the of signaling pathways are activated by the different sub-
findings in many cellular systems of significant cross- families of heterotrimeric G proteins (reviewed by Of-
talk between signaling pathways provide an impetus fermanns and Simon, 1996). The major cell signaling
to examine how signaling through G protein±coupled events and pathways activated by different Ga subunits
receptors (GPCRs) might impinge on signaling through and their associated Gbg subunits are detailed below
Fc, antigen, or cytokine receptors. This review focuses and summarized in Table 1. Of note, the majority of
on the known and potential roles of heterotrimeric G studies examining heterotrimeric G proteins signaling
protein signaling in immune cells and how a new class have been performed with nonlymphoid cells. Although
of proteins, termed regulators of G protein signaling there is relatively little information about heterotrimeric
(RGS), may function to fine-tune these responses. G protein expression in lymphoid cell subsets, a sum-
mary of what is known is provided below.
Heterotrimeric G Proteins: The Players Gs subfamily members stimulate adenylyl cyclases,
GPCRs are heptahelical receptors such as the chemo- ubiquitous enzymes that catalyze the conversion of
kine receptors that link to downstream signaling path- adenosine triphosphate to the intracellular messenger
ways by activating heterotrimeric G proteins. In their cyclic adenosine monophosphate (cAMP) (reviewed by
inactive state, heterotrimeric G proteins are composed Gilman, 1995). There are nine isoforms of adenylyl cy-
of three subunits, termed a, b, and g (reviewed by Neer, clase, all of which are stimulated by Gs. Gsa can be
1995; Hamm and Gilchrist, 1996; Offermanns and Simon, activated by cholera toxin, which adenosine diphos-
1996). There are 23 distinct a subunits encoded by 17 phate (ADP)±ribosylates an arginine residue, causing the
different genes that are divided into four subfamilies irreversible binding of GTP to Gsa. Cholera toxin or Gs
based on primary sequence homology and shared intra- activators increase cAMP levels, which activates cAMP-
cellular effector molecules: Gia (Gia1-3, Gza, Goa1/2, Gta, and dependent protein kinase A (PKA). In endocrine-derived
Ggusta); Gqa (Gqa, G11a, G14a, and G15/16a); Gsa (Gsa and Golfa); cells, Gs-mediated signals enhance cell proliferation,
and G12a (G12a and G13a). The b and g subunits exist either and mutationally activated forms of Gsa have been de-
as part of the heterotrimeric G protein or together as a tected in some endocrine tumors (reviewed by Spiegel,
dimer, but not independently. There are 5 different b 1997). Conversely, activated forms of Gsa suppress the
subunits and 10 different g subunits, which do not pair transformation of NIH3T3 cells by oncogenic Ras and
indiscriminately, since certain b subunits prefer certain inhibit mitogen-activated protein kinase (MAPK) activa-
g subunits. By combining different a, b, and g subunits, tion (Chen and Iyengar, 1994). Thus, the effects of
a large number of distinct heterotrimeric G proteins can Gs-mediated signals may have profoundly different ef-
be assembled within a cell. fects, depending on the cellular context.
Upon ligand binding, GPCRs stimulate the a subunit Gsa is well expressed in most B and T cells and cell
lines, although an occasional cell line contains low lev-
els. For example, the B cell lines Daudi and WEHI231*To whom correspondence should be addressed (e-mail: jkehrl@
atlas.niaid.nih.gov). have nearly undetectable levels by immunoblotting (Grant
Immunity
2
Figure 1. The GTPase Cycle and Role of RGS
Proteins in Limiting the Life Span of GTP-
Bound Ga Subunits
The activated receptor induces Ga to ex-
change GDP for GTP, resulting in dissociation
of theheterotrimer. Both Gbg and GTP±Ga can
activate downstream effectors. The RGS pro-
teins enhance the intrinsic GTPase activity of
the Ga subunit, resulting in reassembly of the
heterotrimeric G protein and decreasing the
duration of signaling by the Ga and Gbg sub-
units.
et al., 1997). Similar to its effects on NIH3T3 cells, Gs- interleukin-2 (IL-2) gene transcription by interfering with
a calcium-sensitive T cell signal transduction pathwaymediated signals and subsequent PKA activation inhibit
lymphocyte proliferation and impair activation of MAPK (Paliogianni et al., 1993). In B lymphocytes it blocks
lipopolysaccharide- and IL-4±induced increases in Band the related stress-activated protein kinase (SAPK,
also known as Jun kinase) pathways (Tamir et al., 1996). lymphocyte cell size and major histocompatibility com-
plex class II expression but enhances IL-4±directed iso-The effects of b-adrenoceptor±mediated signals (Gs-
coupled) on lymphocyte function depend on the devel- type switching to IgE (Roper et al., 1994; Fedyk and
Phipps, 1996). Increased intracellular levels of cAMP areopmental stage and differentiation status of the cell
(reviewed by Sanders, 1995; Scherer et al., 1995). Pros- also implicated in the triggering of apoptosis in thymo-
cytes and B lymphocytes. The latter is rescuable bytaglandin E2±mediated signals (also Gs-coupled) raise
cAMP levels in T cells and reportedly shift the balance either CD2 or CD40 cross-linking (Baixeras et al., 1996).
Gi subfamily members inhibit adenylyl cyclase typesof a cellular immune response toward a T helper type
2 (Th2) response and away from a Th1 response (re- I, V, and VI and thereby lower cAMP levels (reviewed
by Gilman, 1995). Gia1-3 and Goa are substrates for ADPviewed by Fedyk et al., 1996). Prostaglandin E2 inhibits
Table 1. Signaling by Heterotrimeric G Proteins
Subunit Family Signaling
Gsa
(1) Activation of adenylyl cyclases
Gia
(1) Inhibition of adenylyl cyclases
(2) Activation of PI3Kg
(3) Activation of the Ca21 permeable cation channel CD20
(4) Activation of a voltage-independent Ca21 channel in erythroid precursors
Gqa
(1) Activation of PLCb
(2) Activation of Btk
G12a
(1) Increase Na1/H1 exchange
(2) Increased stress-activated protein kinase activity (G12a via a Ras-dependent pathway
and G13a via a Ras-independent pathway)
(3) Induction of actin polymerization and focal adhesions (Rho dependent)
(4) Activation of early response genes and mitogenesis
(5) Induction of nitric oxide synthase
Gbg
(1) Activation of G protein±coupled receptor kinases
(2) Activation of PLCb
(3) Activation of Src family tyrosine kinases
(4) Activation of ion channels (IKG and ICa)
(5) Activation of PI3K
See the review by Offermanns and Simon (1996). For Gbg activation of PI3K see Stephens et al. (1997).
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Table 2. Results of Gene Targeting Experiments Relevant to G Protein Signaling in Lymphocytes and Inflammatory cells
Molecule Function Phenotype
Gia2 G a subunit Increased numbers of single-positive thymic
T cells; peripheral T cells that produce high
levels of IL-2, interferon-g, and tumor necrosis
factor in response to CD3 cross-linking
(Hornquist et al., 1997)
SDF-1 Chemokine Major defect in fetal liver and bone marrow
B lymphopoiesis (Nagasawa et al., 1996)
MIP-1a Chemokine No overt abnormality; impaired inflammatory
response to influenza virus (Cook et al., 1995)
Eotaxin Chemokine Impaired eosinophil recruitment following antigen
challenge; decreased peripheral eosinophils
(Rothenberg et al., 1997)
BLR1 Putative chemokine Lack of inguinal lymph nodes and germinal
receptor centers; migration of lymphocytes into
splenic follicles is abnormal (Forster et al., 1996)
CCR1 Chemokine receptor Impaired neutrophil chemotaxis; no obvious
lymphocyte phenotype, although there may be an
alteration in the balance between type 1 and
type 2 cytokines (Gao et al., 1997)
CCR2 Chemokine receptor Impaired monocyte trafficking (Kuziel et al., 1997)
IL-8R Chemokine receptor Impaired neutrophil migration; possibly, expansion
of B cells (Cacalano et al., 1995)
ribosylation by pertussis toxin, which leads to their inac- sensitive to pertussis toxin (Huang et al., 1995). The
calcium-permeable cation channel CD20, which is highlytivation. Sensitivity of a cellular function to pertussis
toxin suggests receptor coupling to one of these G pro- expressed by mature B cells, can be activated by Gia2,
suggesting that a Gia2-linked GPCR may regulate cal-teins. Some GPCRs activate MAPK through a pertussis
toxin±sensitive mechanism that is not mediated by Gia cium influx into B cells (Kanzaki et al., 1997). Gi-mediated
signals may also affect the induction of lymphocytebut rather by associated bg subunits. In addition, Gi/o
bg subunits account for the pertussis toxin±dependent apoptosis, since pertussis toxin treatment inhibits acti-
vation-induced apoptosis of monocytes, thymocytes,activation of PLC (reviewed by Offermanns and Simon,
1996). PLC catalyzes the hydrolysis of phosphatidyl-4,5- pre-B leukemia cells, T cells, and natural killer cells
(Ramirez et al., 1994; Carracedo et al., 1995). Also impli-bisphosphate, generating the second messengers inosi-
tol-1,4,5-trisphosphate (IP3) and diacylglycerol. Among cating Gia2-coupled receptors in the regulation of T cell
function is the finding that Gia2-/- mice have increasedthe different families of enzymes with PLC activity, the
four isoforms of the PLCb family are specifically regu- numbers of single-positive thymic T cells with high-
intensity CD3 staining and hyperresponsive T cells inlated by heterotrimeric G proteins. Gia subunits also
modulate certain potassium and calcium channels. Ex- their periphery (Table 2). Although of unknown signifi-
cance, Gia2 and Gia3 have been found associated with theposure of erythroid progenitors to erythropoietin in-
creases cytosolic calcium, apparently through a Gia2- glycosylphosphatidylinositol-anchored proteins CD59,
CD48, and Thy-1 (Solomon et al., 1996).activated, voltage-independent calcium channel (Miller
et al., 1996). All Gq subfamily members can activate all four PLCb
isoforms, but in a pertussis toxin±independent man-Gia subunits are present in all lymphoid cell lines and
primary cells that have been examined (Grant et al., ner and with a rank order different from that of Gi/o bg
subunits (reviewed by Fields and Casey, 1997). Al-1997). Gia, predominantly Gia2, expression is highest in
proliferating lymphoid cell lines, and large in vivo acti- though the molecular mechanisms remain obscure,
some GPCRs activate MAPK via a Gq-stimulated pro-vated B cells have higher levels than do resting B cells.
No Gia1 expression is found in immature B or T cells, tein kinase C±dependent pathway (Hawes et al., 1995).
GTPase-deficient forms of Gq are oncogenic in NIH3T3,although it is induced during B cell differentiation. Nu-
merous studies implicate Gi-signaling in the regulation of although with low potency. In an illustration of the im-
portance of Gq-mediated signaling, platelets from Gqa-/-lymphocyte function. Gi-coupled receptors clearly regu-
late lymphocyte migration. Treatment of lymphoid cells mice fail to aggregate, generate IP3, or mobilize calcium
in response to physiological activators. Newborn Gqa-/-with pertussis toxin blocks their binding to high endothe-
lial venules and their entrance into lymph nodes and mice often die of intraabdominal bleeding (Offermanns
et al., 1997a).splenic white pulp (Spangrude et al., 1984; Bargatze and
Butcher, 1993; Cyster and Goodnow, 1995). A Gi-coupled Gq and G11 a subunits are thought to be expressed
ubiquitously (Spicher et al., 1994); however, expressionreceptor may mediate B cell differentiation because a B
cell differentiation factor (446-BCDF)±triggered calcium levels vary markedly in lymphoid cell lines. Of 13 B and
T cell lines tested as well as in thymocytes, tonsil B andflux and enhancement of immunoglobulin secretion are
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Figure 2. MAP Kinase Activation by Recep-
tor Tyrosine Kinases and GPCRs
Several mechanisms by which agonists for
either tyrosine receptor kinases (RTK, or anti-
gen receptor complex) orGPCRs can activate
MAPK. The RGS proteins can negatively reg-
ulate signaling through either Gi- or Gq-linked
receptors. Gq can activate both Btk or PLCb.
Gia-associated bg subunits can active both
PI3Kg and PLCb. The activation of a Src fam-
ily kinase can result in agonist independent
phosphorylation of an RTK and eventual acti-
vation of Ras and the MAPK pathway.
T cells, and splenic B cells, only Jurkat cells and 2 B GTPase Ras, which activates pathways that regulate
cell lines expressed Gqa. G11a was found in mature B cellular growth and differentiation (reviewed by Katz and
cells and B cell lines and in Jurkat cells, but not in McCormick, 1997). A major consequence of Ras activa-
thymocytes or primary T cells (Grant et al., 1997). Impli- tion is stimulation of the MAPK pathway. Growth factor
cating Gqa in B cell and mast cell function, Gqa activates receptors, lymphocyte antigen receptors, and GPCRs,
Bruton's tyrosine kinase (Btk) (Bence et al., 1997). An- which couple to pertussis toxin±sensitive G proteins,
other Gqa subfamily member, G16a (G15a in the mouse), utilize Ras for this purpose (Figure 2). Growth factor
is expressed in most hematopoietic cells and found at receptors that possess intrinsic tyrosine kinase activity
high levels in progenitor B cells. A progressive down- undergo ligand-induced autophosphorylation, creating
regulation of G16a accompanies B cell differentiation binding sites for docking proteins containing a Src
(Amatruda et al., 1991; Mapara et al., 1995). Relatively homology 2 (SH2) domain, leading to the recruitment
few GPCRs are known to couple to G16a, although in of Ras exchange factors and Ras activation. Although
the hemapoietic cell line HEL purine receptors do so lymphocyte antigen receptors lack intrinsic tyrosine ki-
(Baltensperger and Porzig, 1997) nase activity, they utilize nonreceptor protein tyrosine
The downstream targets of the G12 subfamily mem- kinases to assemble a signaling complex for Ras activa-
bers are largely undefined, although the expression of tion (reviewed by Berridge,1997). Similarly, GPCR-medi-
GTPase-deficient forms has provided some hints (re- ated Ras activation requires tyrosine kinases. Free Gi
viewed by Dhanasekaran and Dermott, 1996; Fields and bg subunits likely activate Src family kinases, leading
Casey, 1997). The activation of the small GTPases Ras to the phosphorylation of adapter proteins and members
and Rho, the SAPK pathway, Na1/H1 exchangers, and of the focal adhesion kinase family (reviewed by Offer-
focal adhesion assemblies have been observed. Re- manns and Simon, 1996; Kranenburg et al., 1997).
cently, the induction of nitric oxide synthase has been Several GPCR ligands trigger the tyrosine phosphory-
shown (Kitamura et al., 1996). The GTPase-deficient lation of Pyk2, a focal adhesion kinase family member,
forms of G12a and G13a transcriptionally activate several and its association with activated Src. Since dominant
primary response genes, stimulate mitogenesis, and po- negative forms of Grb2, Sos, and Pyk2 block MAPK
tently transform NIH3T3 and Rat-1 fibroblasts (Voyno-
activation, Pyk2 and Src activation may link Gi- and Gq-Yasenetskaya et al., 1994; Xu et al., 1994). Disruption
coupled receptors to the MAPK pathway in certain cell
of the G13a gene in mice is lethal, since endothelial cells types (Dikic et al., 1996; Della Rocca et al., 1997). Be-
in these mice fail to develop into an organized vascular
cause T cell receptor (TCR) cross-linking also inducessystem. In addition, G13a-/- embryonic fibroblasts migrate Pyk2 activation in T cells, Pyk2 potentially serves as apoorly in response to thrombin (Offermanns et al.,
convergence point for TCR and GPCR signaling (Qian1997b).
et al., 1997). In some cell types, phosphatidylinositolWhereas theG12a proteins are thought to be expressed
3-kinase-g (PI3Kg) may be required for Gbg-dependentubiquitously, the screening of a panel of lymphoid cells
MAPK activation (Lopez-Ilasaca, 1997).lines by immunoblotting failed to detect G13a (Grant et
In B cells, genetic evidence supports the existenceal., 1997). However, G13a mRNA transcripts have been
of a ligand±GPCR±triggered tyrosine kinase cascade,found in lymphoid cell lines by reverse transcription±
which precedes MAPK activation (Wan et al., 1997).polymerase chain reaction (Kabouridis et al., 1995). The
Based on selective gene targeting in an Avian B lym-receptors that couple to G12 and G13 are largely unidenti-
phoma cell line, MAPK activation through Gi-coupledfied, and their roles in chemokine signaling as well as
receptors requires Btk and Syk whereas Gq-coupled re-lymphocyte function are unknown.
ceptors require Csk, Lyn, and Syk. Finally, Gi-mediated
signaling may activate MAPK by inducing ligand-inde-Heterotrimeric G Protein Signaling:
pendent tyrosine phosphorylation of a receptor tyrosineConvergence and Cross-Talk
kinase such as the EGF receptor, which then assemblesWithin cells certain key molecules integrate signals from
parallel signaling pathways. A good example is the small a signaling complex (Daub et al., 1996; Luttrell et al.,
Review
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Figure 3. Btk and Gqa
Hypothetical scheme for the interaction be-
tween Gq and B cell antigen receptor (BCR)
complex signaling and Btk activation. Sig-
naling through either the BCR complex or a
Gq-linked GPCR likely activates Btk. The
possibility that BCR signaling stimulates Gqa
tyrosine phosphorylation is speculative. See
the review by Kurosaki (1997) for a discussion
of the roles of Btk, Lyn, and Syk in B cell
function and signaling through the BCR com-
plex. SAPK, stress-activated protein kinase;
PIP2, phosphatidylinositol-4,5-bisphosphate;
DAG, diacylglycerol; IP3, inositol-1,4,5-tris-
phosphate.
1997). An intriguing possibility is that ligand±GPCR bind- A largely unexplored area is the simultaneous impact
of chemokine and antigen receptor signaling. Some evi-ingmay trigger the tyrosine phosphorylation of members
of the antigen receptor complexes, thereby modifying dence exists that chemokines and antigen can costimu-
late the activation of human T cells and that endogenousantigen receptor signaling.
Another important site of signal integration in the cell chemokine production during T cell activation may have
a costimulatory role (Taub et al., 1996). The recent recog-is the activation of PLC and the generation of IP3. Inter-
estingly, suboptimal stimulation by a Gq-linked receptor nition that the human immunodeficiency virus (HIV) not
only uses the CXCR4 and CCR5 chemokine receptorsligand can markedly augment the rise in intracellular
calcium in response to a Gi-coupled receptor ligand as coreceptors (reviewed by Broder and Collman, 1997),
but also probably transduces signals through them,(Carroll et al., 1995). Thus, preexposure to suboptimal
concentrations of a Gq-linked receptor ligand may aug- indicates that investigation of the consequences of
simultaneous and temporally dissociated TCR, CD4,ment the biologic response observed following signaling
through a chemokine receptor, many of which are Gi and chemokine signaling may provide some insights
coupled. Conversely, prolonged Gq-mediated signaling into the pathogenesis of HIV-induced immune dysfunc-
down-regulates IP3 receptor levels, desensitizing the cell tion (Weissman et al., 1997).
to subsequent signals that activate the IP3/IP3 receptor
system (Qian et al., 1994; Honda et al., 1995).
Heterotrimeric G Protein Signaling: Fine-TuningThere are several examples of cross-talk between G
Responses by RGS Proteinsprotein±linked and other signaling pathways in lym-
Cells have regulatory mechanisms that limit the durationphocytes, and innumerable possibilities for interactions.
and sensitivity of G protein signaling (reviewed by BohmFor example, TCR signaling has been reported to acti-
et al., 1997). Several molecular mechanisms inhibit het-vate Gqa (induce exchange of GTP for GDP) and result
erotrimeric G protein signaling. Kinases can phosphory-in its physical association with CD3e (Stanners et al.,
late GPCRs, allowing members of the arrestin family to1995). Since Gqa and G11a apparently require tyrosine
bind the phosphorylated receptor, precluding subse-phosphorylation for their activation, triggering the lym-
quent G protein activation. This rapidly inactivates sig-phocyte antigen receptor and tyrosine kinase activation
naling. Also, GPCR expression levels decline followingcould result in Gqa and/or G11a phosphorylation, thus
exposure to ligand. This likely assists in long-term de-augmenting GPCR-mediated Gq/11 signaling (Liu et al.,
sensitization. Heterotrimeric G protein signaling can1996; Umemori et al., 1997). In addition, as mentioned
also be inhibited by proteins that activate the intrinsicabove, Gqa activates Btk, and Gbg subunits have been
GTPase activity of Ga subunits. GTPase activators, orreported to bind and activate Btk (Tsukada et al., 1994;
GAPs, were firstdescribed for the small GTPaseproteinsLanghans-Rajasekaran et al., 1995). Thus, engagement
Ras and EF-Tu; however, a newly described family ofof either the B cell antigen receptor or a Gq-linked GPCR
proteins can act as GAPs for Ga subunits.could activate Btk in B cells (Figure 3). In T cells, Gq-
Genetic studies in yeast, Caenorhabditis elegans, andmediated signaling triggers the translocation of nuclear
Aspergillus nidulans first identified the RGS proteins,factor of activated T cells (NF-AT) to the nucleus, provid-
which function to quantitatively limit heterotrimeric Ginganother mechanism by which TCR-and GPCR-linked
protein signaling in those organisms (reviewed by Dohl-signaling pathways may communicate (Boss et al.,
man and Thorner, 1997; Koelle, 1997). Independently, a1996). Other examples of cross-talk include the inhibi-
mammalian RGS protein termed GAIP was discoveredtion by Gs-induced increases in cAMP of TCR-triggered
to interact with Ga subunits, and four mammalian RGSIL-2 promoter activity and IL-6±induced Jak/STAT acti-
proteins were shown to substitute functionally for Sst2p,vation (Ohtsuka et al., 1996; Sengupta et al., 1996). Fi-
a yeast RGS protein (DeVries et al., 1995; Druey et al.,nally, the chemokine RANTES can activate the tyrosine
1996). Based on sequence similarities among the firstkinase z±associated protein-70 (ZAP-70), which is nor-
mally associated with TCR signaling (Bacon et al., 1996). described RGS family members, additional RGS family
Immunity
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members were rapidly identified (DeVries et al., 1995; as GAPs for Gia subfamily members, some RGS proteins
have clear preferences for particular subfamily mem-Druey et al., 1996; Koelle and Horvitz, 1996) The mam-
malian and C. elegans RGS proteins each contains a bers. In addition, very significant differences in theability
of RGS proteins to GAP Gqa are now apparent (RGS3 .conserved region of approximately 120 amino acids that
has been termed the RGS domain, or RGS box. RGS4 .. GAIP). While further specificity of RGS pro-
teins for individual Ga subunits will undoubtedly beBiochemical studies have shown that several RGS
proteins interact directly with Gia and Gqa; however, no found, the functional specificity of RGS proteins proba-
bly also results from their differing patterns of ex-physical interaction with a Gsa or G12a subfamily member
has been reported (Berman et al., 1996a, 1996b; Chen pression and induction and their interactions with other
factors. For example, some RGS proteins are broadlyet al., 1996; Dohlman et al., 1996; Hunt et al., 1996;
Watson et al., 1996; Hepler et al., 1997; Huang et al., distributed, while others are much more restricted (RGS1
is predominantly found in B lymphocytes; RGS4 is found1997; Neill et al., 1997). Although RGS proteins do not
affect the time course of nucleotide binding to Gia sub- in neural tissue; and RGS3 is widely distributed) (Hong
et al., 1993; Druey et al., 1996). Detailed expressionunits, they can potently stimulate the intrinsic rate of Gia
GTP hydrolysisÐin other words, behave as GAPs. To studies for the RGS proteins have not been reported,
although several RGS proteins, including RGS1, RGS2,date, no RGS protein has been shown to act as a GAP
for a G12a or Gsa. Analysis of the nucleotide dependence RGS3, RGS4, RGS14, and RGS16, are known to be ex-
pressed in lymphocytes.of the binding of RGS4 and RGS1 to Gia revealed that
RGS proteins bind poorly to GDP- and GTP-bound Some RGSproteins are inducible, since signals gener-
ated by GPCR themselves can augment RGS proteinforms, but with high affinity to Gia subunits in the GDP
and AIF42 conformation. This conformation mimics the levels. For example, platelet-activating factor (PAF) trig-
gers RGS1 expression in B cells (Druey et al., 1996). Thetransition state for GTP hydrolysis (Coleman et al., 1994).
Subsequent cocrystallization of RGS4 and Gia1 in the constitutive expression of an RGS protein may set a
threshold for GPCR signaling, while its induction mayGDP and AIF42 conformation revealed that the RGS do-
main forms a four-helix bundle that directly contacts assist in desensitization. Sst2 serves such a dual role
in yeast. Loss-of-function mutants are hypersensitize tothe Gia surface at the three so-called ªswitch regions.º
These regions undergo the greatest conformational pheromone, and whereas wild-type yeast desensitize to
pheromone, Sst2 mutants do not. Consistent with thischange during the GTPase cycle and contain residues
critical for GTP hydrolysis. Specific amino acids in RGS4 dual role, Sst2 is expressed at a low constitutive level
in wild-type yeast and is transcriptionally induced bystabilize the switch region residues in the transition
state, providing the likely mechanism by which RGS pheromone exposure in a time course that parallels the
desensitization (reviewed by Dohlman and Thorner,proteins stimulate Gia GTP hydrolysis (Tesmer et al.,
1997). A recent mutagenesis study of RGS4 in which 1997). RGS proteins may also be induced by signals
generated through non-GPCR receptors, thereby pro-the amount of binding of RGS4 mutants to Gia1 in the
GDP and AIF42 conformation correlated with their GAP viding another mechanism by which a non-GPCR signal-
ing pathway might modulate GPCR signaling.activity is consistent with those findings (Druey and
Kehrl, 1997). The interaction with other proteins besides G proteins
may also modulate RGS function. RGS3, RGS7, RGS12,While considerable insight into the biochemistry of
RGS proteins has been achieved, their physiologic roles and RGS14 are substantially larger proteins than the
prototypic RGS1 and RGS2 (Druey et al., 1996; Koellein mammalian cells remain to be determined. Yeast, C.
elegans, and Aspergillus nidulans, which lack an RGS and Horvitz, 1996; Snow et al., 1997). Both RGS3 and
RGS12 have regions predicted to assume a coiled coil;protein, show clear phenotypes; however, no phenotype
related to a mammalian RGS family member has been such domains often mediate interactions with proteins
of the cellular cytoskeleton. The RGS12 coil-coiled re-reported (reviewed by Dohlman and Thorner, 1997;
Koelle, 1997). Both transient and permanent transfection gion resembles that of rhopilin, a Rho-interacting pro-
tein, while RGS14 was isolated as an Rap1/2 interactiveof RGS family members into mammalian cell lines impairs
ligand±GPCR signaling.RGS4 potently inhibitsMAPK acti- protein in a yeast hybrid screen. Thus, the regulation of
Ga subunits by RGS12 and RGS14 may be in part undervation in response to IL-8 stimulation, a Gi-mediated
response (Druey et al., 1996). Both RGS4 and RGS3 the control of the small GTPases Rho and Rap1/2, pro-
markedly impair signaling through pathways that utilize viding a connection between small GTPases and the
Gq (Hepler et al., 1997; Neill et al., 1997; Yan et al., 1997). heterotrimeric G proteins.
RGS4 and probably other RGS proteins may behave as
effector antagonists for Gqa-mediated signals by binding
Modulation of Heterotrimeric G Proteinto Gqa in its GTP-bound state. A recent report suggested
Signaling by RGS Proteins: Potentialthat a splice variant of RGS3 inhibits Gs-mediated sig-
Importance in Immune Responsesnals, although no mechanism was delineated (Chat-
How might RGS proteins be important in lymphocyteterjee et al., 1997). In summary, there are good reasons
and inflammatory cell function? Certainly, chemokineto think that RGS proteins regulate both the magnitude
receptor signaling is a prime arena for the RGS proteinsand duration of signaling through Gi- and Gq-linked re-
to modulate immune and inflammatory cell function.ceptors; however, whether they regulate GPCRs that
Most of the chemokine receptors couple through Gi andsignal through either G12 or Gs requires clarification.
occasionally Gq (Kuang et al., 1995), both targets ofMammals have at least 18 RGS family members. Al-
though most of the tested RGS family members can act RGS proteins. The constitutive level of RGS proteins in
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lymphoid and inflammatory cells likely sets a threshold populations of lymphocytes. Such a technique may
allow a direct test of the effects of an RGS protein in afor the response to chemokines, while their induction
impairs subsequent responses to chemokines. This particular cell system. To explore what role various Ga
subfamily members play in lymphocyte function, trans-type of regulation may help target lymphoid and inflam-
matory cells to particular sites and keep them localized genic expression of GTPase-deficient forms of different
Ga subunits may provide useful insights. Finally, as al-there, despite the continued exposure to chemokines
and chemoattractants. The importance of chemokines ready witnessed in the results of the initial chemokine
and chemokine receptor gene-targeting experimentsand chemokine receptors in B lymphocyte function has
been underscored by observations made with SDF-1± (Table 2), the analysis of these and other mice in which
GPCRs or ligands have been targeted should provideand BRL1-null mice (Table 2). The chemokine SDF-1,
which interacts with the CXCR4 receptor, is necessary fertile ground for understanding the physiologic roles of
these receptors and their signaling pathways.for B lymphocyte development. SDF-1 mutant mice have
a major defect in both fetal liver and bone marrow B
lymphopoiesis (Bleul et al., 1996; Nagasawa et al., 1996;
Conclusions
D'Apuzzo et al., 1997). BRL1 is a heptahelical transmem-
The RGS proteins provide a mechanism by which cells
brane receptor and a putative chemokine receptor: it
can regulate both the duration and the magnitude of acontains a characteristic sequence motif at the end of
signal generated through a heterotrimeric G protein.transmembrane domain 3 (Dobner et al., 1992). BRL1
Such fine-tuning is undoubtedly essential for the finelymutant mice lack inguinal lymph nodes, phenotypically
orchestrated events that occur in response to the che-normal Peyer's patches, and germinal centers (Forster
mokines, hormones, and neuropeptides, which signalet al., 1996). By modulating signalingthrough the CXCR4
through GPCRs. Furthermore, certain key intracellularand BRL1 receptors, RGS proteins should influence the
molecules such as Ras integrate output signals gener-
development and differentiation of B lymphocytes.
ated through heptahelical, antigen, and cytokine recep-
Besides the chemokine receptors, signaling through
tors. Discovering these key molecules and understand-
chemoattractant receptors such as the receptors for
ing how they discriminate between relevant signals and
PAF, formyl-methionyl-leucyl-phenylalanine (FMLP), C5a,
irrelevant background noise to coordinate the cellular
lysophosphatidic acid (LPA), and leukotriene B4 can
responses that eventually lead to humoral and cellular
potently affect lymphocyte and inflammatory cells (Camp-
immunity remains a sizable challenge for the future.
bell et al., 1996). For example, PAF has dramatic effects
on B lymphocytes. It induces the transcription of imme-
Referencesdiate early genes; activates NF-kB (nuclear factor kB);
triggers tyrosine phosphorylation of Fyn, Lyn, PI3K, and
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